The microstructures and mechanical properties of Ti-35Nb-2Ta-3Zr alloy, which was fabricated by vacuum consumable arc melting furnace followed by hot pressing, subjected to cross-rolling were investigated in this study. Shear slip and stress-induced 00 martensite phase transformation play an important role in the plastic deformation. Hundred nanometers-sized grains are obtained, when the alloy is cross-rolled at a reduction ratio of 99%. The cross-rolled alloy exhibits considerable low Young's modulus (around 48 GPa) and high ultimate tensile strength (around 880 MPa) accompanying with ductile fracture. For Ti-35Nb-2Ta-3Zr alloy cross-rolled at a reduction ratio of 60%, excellent isotropy of mechanical properties along different directions of specimens are obtained.
Introduction
Nowadays, new kinds of Ni-free titanium alloys have been developed because of hypersensitivity and cytotoxicity of Ni. [1] [2] [3] [4] Kawahara has reported that metallic elements such as Ti, Nb, Sn, Zr, Pd, and Ta have low cytotoxy. 5) Toxicity of Sn and its compounds are summarized by many researchers. [6] [7] [8] [9] Therefore, new -type titanium alloys including the elements of Nb, Zr, Pd, and Ta have been studied as biomedical titanium alloys. [10] [11] [12] [13] Recently, developed -type titanium alloys exhibit excellent cold workability because of the body centered cubic (bcc) structure. By now, many researchers have focused on the cold deformation of titanium alloys. Almost all the deformation modes in these studies are explained using the direct-rolling for -type titanium alloys, [14] [15] [16] [17] [18] although it has been hardly reported on crossrolling. As we know, the rolling texture for direct-rolling depends on rolling direction. The anisotropy of microstructure accompanying with different kinds of rolling texture contributes to the anisotropy of mechanical properties very much. For practical applications of biomedical titanium alloys, it must be considered that the anisotropy of mechanical properties on cold-rolled -type titanium alloys prevents them from further applications. In order to solve this problem, further investigation regarding some kinds of rolling processing has been strongly demanded.
Recently, Gum Metal, Ti-35Nb-2Ta-3Zr-xO alloys (mass%), with relatively low Young's modulus and high strength has been studied by Saito et al. 16, 19, 20) In this paper, change in microstructures and mechanical properties of biomedical -type titanium alloy, Ti-35Nb-2Ta-3Zr alloy (mass%), which has almost similar chemical composition of Gum Metal, through cross-rolling at different reduction ratios are investigated.
Experimental Procedures
The Ti-Nb-Ta-Zr system alloy, Ti-35Nb-2Ta-3Zr alloy (mass%), was fabricated by vacuum consumable arc melting furnace using the mixture of high purity sponge of Ti, billet of Ti-Nb interalloy and high purity billet of Ta and Zr. The ingot was re-melted three times to ensure the compositional homogeneity. The ingot was homogenized at 1223 K for 3.6 ks in vacuum and then forged into a quadrate casting of 70 mm in width Â30 mm in thickness Â100 mm in length followed by a solution treatment at 1053 K for 1.8 ks in vacuum. The ingot was deformed by cross-rolling at the reduction ratios of 40%, 60%, and 99%. In the case of the cross-rolling, the rolling direction was changed by 90 degrees after each path up to the respective final reduction ratios of 40%, 60%, and 99%. Some specimens for tensile tests were machined from cross-rolled plates along three different directions. Two of them were along cross-rolling directions (CRD1 and CRD2), the other was along the direction inclined 45 degrees to cross-rolling direction (45DCR). Tensile tests were carried out using Zwick T1-Fr020TN materials testing machine at a strain rate of 1:5 Â 10 À4 s at room temperature. The gage length and thickness of the tensile specimen were 20 mm and 1 mm, respectively.
Microstructure observations were examined by optical microscope (OM) and JEM-2000 EX transmission electron microscopy (TEM) at an accelerating voltage of 160 kV. X-ray diffraction measurements were also done under the conditions of a Cu K tube, an accelerating voltage of 35 kV and a current of 100 mA at room temperature. JSM-6700F scanning electron microscope (SEM) was used to observe fracture surfaces after tensile tests. Figure 1 shows the microstructure of Ti-35Nb-2Ta-3Zr alloy subjected to a solution treatment at 1053 K for 1.8 ks.
Results and Discussions

Microstructure
The microstructure of this alloy shows equiaxed grains with an average diameter of 33 mm. Figure 2 shows the results of TEM observations of Ti35Nb-2Ta-3Zr alloy cross-rolled at a reduction ratio of 40%. As seen from the region in Fig. 2(a) , a lot of plate-shaped 00 martensites are observed in the matrix. In addition to these 00 martensites, dislocations are investigated in the matrix along with relatively large shear bands as shown by white arrows in Fig. 2(b) . After the deformation, no deformation twins were investigated by TEM. When the reduction ratio is increased up to 60%, the plate-shaped 00 martensites change into coarse those as shown in the bright and dark field images in Figs. 3(a) and 3(b) . The bands of martensites are divided into fine plates by dense dislocation walls as shown by black arrow in Fig. 3(a) . From the corresponding selected area electron diffraction (SAED) pattern and the key diagram (Figs. 3(c) and 3(d) ), the region with white plate-shaped is definitely identified as 00 martensite. The open and solid circles in Fig. 3(d As seen in the image of dislocation structure after crossrolling at a reduction ratio of 60% (Fig. 3(e) ), it tends to form the cell structure, where the SAED pattern from the area noted by a black arrow shows the single phase. Figure 4 shows the results of TEM observations of Ti-35Nb-2Ta-3Zr alloy cross-rolled at a reduction ratio of 99%. Owing to the severe deformation, the average diameter of grain varies from 20 nm to 100 nm as shown in Figs. 4(a) and 4(b) .
It has been studied that 00 martensitic transformation in unstable -Ti alloys can be easily triggered by external stress. 21, 22) While in severe deformation (reduction ratio over 60%), the martensitic transformation is prevented because of a large number of dislocations and the cell structure. Figure 5 shows the XRD profiles of Ti-35Nb-2Ta-3Zr alloy subjected to a solution treatment and its alloy crossrolled at different reduction ratios. Only diffraction peaks of phase are identified from the XRD profile of as-solutionized Ti-35Nb-2Ta-3Zr alloy. As shown in Fig. 2 , some plateshaped stress-induced 00 martensites were investigated, when the alloy was cross-rolled at a reduction ratio of 40% or more. In addition to the diffraction peaks of phase, those of several 00 martensites are also detected from the XRD profiles of cross-rolled Ti-35Nb-2Ta-3Zr alloy. With the increase of the reduction ratio up to 60%, the diffraction peaks of 00 martensite are intensified. However, at a reduction ratio of 99%, the number of diffraction peaks decreases, and the intensity also becomes weaker as shown in Fig. 5(d) . Figure 6 shows stress-strain curves of the Ti-35Nb-2Ta-3Zr alloy cross-rolled at a reduction ratio of 60%. Tensile tests were carried out along three different directions. Two of them were along cross-rolling directions (CRD1 and CRD2), the other was along the direction which inclined 45 degrees to cross-rolling direction (45DCR). The ultimate tensile strength (UTS) of CRD1, CRD2, and 45DCR were around 760.4 MPa, 774 MPa, and 775 MPa, respectively. The shapes of stress-strain curves of CRD1, CRD2, and 45DCR are nearly the same as shown in Fig. 6 . No serious anisotropy along different directions is observed. It is noted that the isotropic mechanical properties of Ti-35Nb-2Ta-3Zr alloy can be obtained by cross-rolling. Table 1 presents results of the tensile properties of Ti35Nb-2Ta-3Zr alloy subjected to a solution treatment and cross-rolled at reduction ratios of 40%, 60%, and 99% along the cross-rolling direction. The UTS of the alloy crossrolled at a reduction ratio of 99% shows around 880 MPa, which is much larger than that of as-solutionized alloy Table 1 Tensile properties of Ti-35Nb-2Ta-3Zr alloy subjected to a solution treatment and cross-rolling at reduction ratios of 40%, 60%, and 99% along cross-rolling direction. (around 520 MPa). That is why the microstructure is refined by severe deformation. As shown in Table 1 , the elongation of the alloy cross-rolled at all reduction ratios exhibited relatively high level, which is around 10%. In addition, Young's modulus decreases slowly with the increase of the reduction ratio. The lowest Young's modulus, which is around 49 GPa, is obtained at a reduction ratio of 99%. Many researchers have reported the relationship between the reduction ratio and Young's modulus of -type titanium alloys through direct-rolling. 11, 14, 23) The Young's modulus tends to change strongly by the reduction ratio or anisotropy of microstructure through severe deformation. In their reports, low Young's modulus is obtained at a reduction ration over 90%, which is the same trend of change in Young's modulus of cross-rolled Ti-35Nb-2Ta-3Zr alloy as mentioned above.
Phase transformation and mechanical properties
Comparing with the fracture surfaces at different reduction ratios obtained from tensile tests (Fig. 7) , all fracture morphologies mainly exhibit ductile fracture. Many equiaxed dimples distributes equably as shown in Figs. 7(a), 7(c), and 7(e). In particular, the large elongated dimples on the fracture surfaces of the alloy cross-rolled at a reduction ratio of 60% are observed as shown in Fig. 7(d) . That is why relatively large slip deformation occurred before tensile fracture. Seen from the high-magnification SEM images in Figs. 7(b), and 7(f), the large and deep dimples are observed.
Conclusions
The microstructures and mechanical properties of newly developed Ti-Nb-Ta-Zr system alloy, Ti-35Nb-2Ta-3Zr alloy, were investigated through cross-rolling at reduction ratios of 40%, 60%, and 99%. The following results were obtained.
Stress-induced 00 martensites appear, when the reduction ratio is 40%. With the increase of the reduction ratio, the amount of 00 martensite increases. When the reduction ratio increases up to 99%, the martensitic transformation is prevented by a large number of the dislocations and the cell structure, where both the matrix and plate-shaped 00 martensites phases are refined to equiaxed grains with diameters of 20 nm to 100 nm. During cross-rolling, isotropic mechanical properties of the alloy can be obtained. Relatively low Young's modulus, which is around 48 GPa, and high UTS, which is around 880 MPa, are also obtained by cross-rolling at a reduction ratio of 99%, which is propitious processing to biomedical applications for Ti-Nb-Ta-Zr system alloy.
